Semiconductor doped glasses containing CdS x Se 1Ϫx nanocrystallites embedded in a silicate glass matrix were investigated. The dimensions of the nanocrystallites are in the range of a few nanometers and vary as a function of a secondary heat treatment. The confinement of such quantum dots for elementary excitations depends strongly on their size. In order to obtain a mean particle size and the size distribution, anomalous small angle x-ray scattering ͑ASAXS͒ and low-frequency inelastic Raman scattering measurements were performed. The sizes and the size distributions were evaluated for samples of different mean crystallite radius and composition x. The results of Raman measurements agree well with those of ASAXS, if both the acoustic mode damping across the nanocrystallite-matrix interface and the particle size distribution are taken into account in the Raman band shape analysis. The concentration of nanocrystallites in the glass matrix was determined by using the technique of contrast variation. Scattering curves were recorded at three energies below but close to the K-absorption edge of selenium ͑12.66 keV͒ and at 9.64 keV for comparison, which is significantly below the absorption edge.
I. INTRODUCTION
The optical properties of semiconducting crystallites with sizes of a few nanometers differ considerably from those of the corresponding bulk material. Such quantum dots are attractive for the study of the confinement, for instance, of excitons and phonons. Their physical properties strongly depend on the size distribution. Therefore, it is important to pay special attention to accurate comparative measurements of size and size distribution by different methods. In the past few years, special attention has been paid to CdS and CdS x Se 1Ϫx nanocrystallites grown in a silicate glass matrix by a special heat treatment. The use of such semiconductor doped glasses as sharp cutoff optical filters has been known for a long time. Applications as nonlinear optical material and in the field of integrated optics are under discussion. 1 The nanoparticles being nearly spherical shaped have been proven to be ideal model systems for the study of threedimensional confinement. In previous works, high-resolution transmission electron microscopy, 2 small-angle x-ray scattering, [2] [3] [4] and Raman scattering 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been employed for the particle size analysis in semiconductor doped glasses. The technique of anomalous small-angle x-ray scattering ͑ASAXS͒ was introduced to the examination of these materials by Ref. 4 . In this work, we compare results of ASAXS and Raman scattering measurements on the same samples, which contain CdS x Se 1Ϫx nanoparticles embedded in a glass matrix. The average diameters of the particles observed in different samples were in the range of 4-13 nm. The scattering curves ͑intensity vs wave vector͒ of the ASAXS measurements were fitted with different size distribution functions. The best fit results were achieved for asymmetric distribution functions with a pronounced density tail for particles smaller than the mean size. Further, the particle size was determined by Raman scattering based on the fact that the frequency of confined acoustic phonons is inversely proportional to the particle diameter. It is shown that the particle size is overestimated if the calculation uses only the maximum of the observed Raman peak as it has been frequently done in previous works. The wave vectors of bulk acoustic phonons are large in comparison to those of the exciting and the scattered light, but the observation of the acoustic modes in small particles is possible due to the uncertainty of the wave vector transferred in the Raman scattering process. The Raman intensity of the strongest acoustic mode with index lϭ0 shows the predicted dependence on the vibrational frequency. For calibration, the Boson peak of the glass matrix 6, 18, 19 in the Raman spectra at about 50 cm
Ϫ1
can be used. The density of nanocrystallites in the glass maa͒ Author to whom correspondence should be addressed; electronic mail: irmer@physik.tu-freiberg.de trix was obtained by ASAXS measurements with different x-ray energies close to the absorption edge of Se.
II. THEORY

A. Anomalous small-angle x-ray scattering
The ASAXS measurements were analyzed within a twophase model: widely separated single-crystalline CdS x Se 1Ϫx spherical particles of radius R are embedded in a glass matrix mainly consisting of amorphous SiO 2 . Since it was anticipated that the semiconducting nanoparticles occupy only a small volume fraction of the sample, one can assume that there are no particle correlation effects.
For N p particles of equal volume V p ϭ4R 3 /3 distributed in the scattering volume V, the scattered cross section is given by 4, 20 
The contrast ⌬ between the particle phase p and the matrix m depends on the x-ray energy E and is defined by
where F p (F m ) and n p (n m ) are the scattering factors and densities of CdS x Se 1Ϫx complexes ͑matrix molecules͒, respectively. The scattering function S(q,R) of a sphere with radius R is
where j 1 (x)ϭ(sin xϪx cos x)/x 2 is the spherical Bessel function of first order. The scattering vector q has the magnitude qϭ͉q͉ϭ(4/)sin , and 2 being the x-ray wavelength and the scattering angle, respectively. Equation ͑1͒ can be normalized to the number of matrix molecules n m V in the scattering volume and the normalized cross section can be given as
where v f ϭN p V p /V is the volume fraction of the CdS x Se 1Ϫx particles and ϭn p /n m is the ratio of molecule densities in the particle and the matrix phase, respectively. Now we take into account that the particle size is not uniform. For a size distribution c(R) the mean Radius R and mean volume V p for nanoparticles are obtained from
The dependence of the scattered cross section on the x-ray energy E can be used to analyze the scattering contrast. The dispersion of the atomic scattering factors f (E), which has a strong energy dependence close to the x-ray absorption edge, can be given as being the so-called anomalous dispersion correction. The molecular scattering factors F p (E) and F m (E) are composed of the atomic scattering factors according to the stoichiometric composition of the particle and the matrix, respectively, and are given as
Considering the scattered cross section at qϭ0, we get S(0,R)ϭ1, and by use of Eq. ͑6͒ it follows that
with Aϭ(1/V p ) 2 ͐V p 2 (R)c(R)dR. As shown in Ref. 4 , a linear approximation for the square root of the scattered cross section can be applied. The ratio of the molecular densities in the particle and in the matrix is obtained from a fit procedure using the measured cross sections at different energies. In the vicinity of the K-absorption edge of Se ͑see Table I͒, the atomic scattering factors are mainly influenced by f Se Ј .
The volume fraction v f of the particles can be calculated using the integrated cross section of the scattering curve (d /d⍀)(q). By integration of Eq. ͑6͒ we obtain which is independent of the particle size distribution. If the size distribution is known, for instance by a fit of the scattering curve (d /d⍀)(q,E), v f can also be calculated from Eq. ͑9͒ using the value of the scattered cross section at q ϭ0, as
B. Raman scattering
In the low-frequency range of the Raman spectra, peaks of frequencies being inversely proportional to the diameter of the particles appear. 12 These frequencies correspond to the acoustic vibrations of the nanoparticles. The eigenfrequencies classified according to the symmetry group of a sphere are divided into two categories: torsional and spheroidal.
As shown by Duval, 21 only the spheroidal modes with angular quantum numbers lϭ0 and 2 are Raman active. The total symmetric mode lϭ0 is polarized and the quadrupolar symmetric mode lϭ2 is depolarized.
The vibrational frequencies are obtained from solutions of eigenvalue equations, which in the special case lϭ0, are given by
The eigenvalues lp have a second index p (ϭ1,2,3,...) which distinguishes the lowest order mode (pϭ1) from its overtones (pу1) in the Raman spectra. The eigenvalues determine the quantized vibrational frequencies lp and wave vector values lp /R for the particle with radius R from the relation
For a free particle, ␣ is given by the ratio of the transverse and longitudinal sound velocities v t /v l in the particle. In the case of an embedded particle, ␣ additionally depends on the sound velocities in the matrix and on the ratio of mass density of particle to matrix. Furthermore, ␣ is complex due to sound emission into the matrix and therefore the particle vibrations are damped. 17 In order to derive the Raman scattering efficiency, we have to consider the interaction between the electrons and acoustic phonons. The Raman scattering is caused by fluctuations in the dielectric susceptibility, produced by the strain waves. They can be expressed as a function of the elasto-optic coefficients. 23, 24 The wave vector dependence of the Raman scattering cross section of an acoustic mode is given by
provided that the dimension of the scattering volume is large compared to 1/q. The parameter nϭ͓exp͓(ប)/(kT)͔Ϫ1͔ Ϫ1 is the Bose-Einstein population factor.
The delta function in Eq. ͑14͒ expresses the momentum conservation in bulk crystals: The wave vectors of the scattered light k S and of the exciting light k L are very small. Therefore, only phonon excitations with wave vectors q ϭk S Ϫk L near the center of the first Brillouin zone are allowed. For nanoparticles, the integral in Eq. ͑14͒ is limited by the sphere volume of radius R. Consequently, the delta function should be replaced by the scattering function S(q,R). The wave vector selection rules are relaxed and Raman scattering by phonons of larger wave vectors is possible. Further, we take into account a low-frequency density of states ϳq 2 . For spherical particles surrounded by an elastic matrix, the elastic excitations are damped according to exp(Ϫb i t/2), the eigenvalues are complex and the eigenmode with index i has a Lorentzian frequency distribution 
Ϫ1 with the maximum value at i and the halfwidth b i .
Considering the size distribution c(R) we get the Raman scattering cross section for qϭ lp /v l as follows:
III. EXPERIMENTAL RESULTS AND DISCUSSION
The investigated samples were prepared from orange and red sharp-cut filter glasses. The commercial names of the filter glasses ͑obtained from Schott Glass Inc., Germany͒ are OG515, OG530, OG550, OG590, RG630, RG665, and RG695, where the number indicates the cutoff wavelength in nanometers. The cutoff wavelength depends on the size and the composition x of the CdS x Se 1Ϫx nanoparticles. The composition x was determined by Raman measurements of the LO phonon frequencies. 17 The sample thickness was prepared to about 100 m, suitable for the x-ray transmission experiment.
The ASAXS measurements were performed at the beamline JUSIFA 25 at the Hamburg Synchrotron Laboratory. For calculations of contrast variation, four x-ray energies were used, three of which were below but close to the K-absorption edge of Se and the fourth one was much below the K-absorption edge at 9.64 keV. To get a wide range of scattering vectors q, the measurements were performed at two sample-detector distances.
Open circles in Fig. 1 show the experimental scattering curves for some of the samples measured with 9.64 keV radiation. Theoretical fits to the experimental scattering curves were obtained from Eq. ͑6͒ by using four different trial functions c(R), defined as: log-normal size distribution:
Gaussian size distribution:
modified Gaussian ͑asymmetric͒ size distribution:
and Lifshitz-Slyozov size distribution 26 c͑u ͒ϭ
for uϽ1.5 0 for uϾ1.5
͑19͒
with uϭR/R 0 . The applied nonlinear least squares fitting method was based on the Levenberg-Marquardt algorithm. The Lifshitz-Slyozov function was derived theoretically 23 for describing the size distribution of crystallites grown under conditions of thermodynamic equilibrium. This function has an asymmetric shape with a pronounced tail towards low radii. However, it contains only one free adjustable parameter yielding poor fit results in comparison to the other functions used. Simple functions with two adjustable parameters often used to describe size distributions are the Gaussian and the log-normal functions. The minimized sum 2 of the squares of the deviations of the theoretical curves from the experimental points was smaller for the symmetric Gaussian than for the asymmetric log-normal function, which always has a pronounced tail for larger particles. To have free adjustable parameters for both tails we have used, therefore, a function defined by Eq. ͑18͒ and found smallest 2 values for distributions with a tail extending toward smaller particles. The final fitting curves are presented by solid lines in Fig. 1 . The estimated mean radii are listed in Table II. However, according to Table II the mean particle size obtained is not very sensitive to the fit function used. As an example, Fig. 2 shows the best fit results for the sample OG550 for all four trial functions. Figure 3 shows the F p Ј dependence of the square root of the normalized scattering cross section at qϭ0 for some selected samples. The full circles and the straight lines indicate the experimental values at four x-ray energies used and the corresponding linear least square fit, respectively. The ratio of the molecule densities in the particle and the matrix phase were obtained from the slope of the fitted curves in Fig. 3 . The results are given in Table III. For comparison was also calculated using the molecular weights and densities according to the chemical composition. Since the molecule density in the particle phase changes by only 8% in the To obtain the volume fraction v f of the particles, the scattering curves versus the scattering vector q, measured at Eϭ9.64 keV, were integrated numerically. The values v f were calculated using Eq. ͑10͒ and are given in Table III . The volume fraction was also calculated independently from the measured scattering cross section at qϭ0 using Eq. ͑11͒ and are also listed in Table III . Obviously, the values of v f derived by the two methods agree well. For sharp size distributions, the factor A in Eq. ͑11͒ is only weakly dependent on the choice of the size distribution. For example, values of A are calculated for Gaussian and log-normal size distributions as a function of the relative halfwidth b/R 0 and are shown in Fig. 4 . The values v f in the last column of Table III are the mean values obtained for the four different x-ray energies.
Next, we compare the particle radii obtained from ASAXS measurements with those obtained from Raman measurements on identical samples. The details of the Raman measurements have been discussed elsewhere. 17 As an example, low-frequency Raman measurements of sample OG 550 are represented in Fig. 5 . The spectrum of the base material ͓curve ͑a͔͒ containing no semiconducting nanoparticles shows a broad structure centered at about 50 cm Ϫ1 . This structure is known as the Boson peak 6, 18, 19 and is attributed to vibrations of the glass matrix.
The nanoparticle spectra in curves ͑b͒ and ͑c͒ are superimposed on this spectrum. They were measured in the depolarized and polarized configurations, respectively, after heat treatment of the glass.
The strongest peaks in curve ͑b͒, indicated by 21 , and in curve ͑c͒, indicated by 01 , are attributed to the lϭ2 and lϭ0 fundamental vibrations, respectively. The weaker peaks in curve ͑c͒ are some overtones of the lϭ0 mode and of the depolarized mode 21 , which is allowed in the polarized configuration too. The weaker peak in curve ͑b͒ is found at the calculated position of the first overtone of the lϭ2 mode. Although the lϭ0 modes are not allowed in the depolarized configuration, an overlap with a small component of the strong lϭ0 mode 01 cannot be excluded due to either experimental misalignment or due to deviations from the spherical shape of the particles.
First, we consider the measured total symmetric modes 01 . A simple way to get the mean particle radii R 0 is to calculate them with Eq. ͑13͒ using the observed peak maximum for . The radii obtained in this way are given in the last column of Table IV. In comparison to the ASAXS measurements, the results obtained from Eq. ͑13͒ give larger values of particle radii for all samples. In the case of size-distributed particles, large particles contribute much more than smaller ones to the Raman scattering cross section, which is proportional to the particle volume. As a result, the maxima of the Raman modes correspond to larger radii than the mean radius R 0 . Therefore, for a more refined comparison between results of ASAXS and Raman scattering experiments and theory, we used Eq. ͑15͒ for the Raman scattering efficiency. Gaussian particle size distribution functions were used with the parameter taken from the results of the ASAXS measurements. The damping parameters of the confined acoustic modes caused by influence of the glass matrix on the particles were taken from Ref. 17 . The particle radii obtained from the best fit to Raman spectra, listed in Table IV , are in good agreement with the ASAXS values. As pointed out in Sec. II, small angle scattering is sensitive to density differences between particle and matrix. The size of the particles obtained by ASAXS experiments is not necessarily the actual size of the crystalline core of the particles. In order to distinguish whether the particle is completely crystalline or amorphous, wide angle scattering to detect Bragg peaks could be used, as already applied to PbSe quantum dots by Lipovskii et al. 27 However, the Raman spectra of the optical phonons of the CdS x Se 1Ϫx nanoparticles 17 could be clearly assigned to the crystalline phase.
Particle size distribution is one reason for broadening of the Raman peaks. The peaks are further broadened by damping of the confined acoustic modes because the particles are embedded in the glass matrix. The corresponding damping parameters b 0 , obtained from the imaginary parts of the eigenfrequencies of the acoustic modes for particle radius R 0 , are given in Table V . The resulting theoretical halfwidths b th of the confined acoustic phonons were calculated with Eq. ͑15͒, using b 0 and a Gaussian size distribution with the parameters given in Table II . Except for sample OG 530 containing the smallest particles, the calculated halfwidths b th agree with the measured halfwidths b ex , as seen from Table V. The calculated phonon widths would be reduced assuming incomplete elastic coupling of the particles with the surrounding matrix, reducing the halfwidth b 0 . This could be true for very small particles and imperfect spherical shape.
The dashed curves in Fig. 5 were fitted using Eq. ͑15͒. The measured Raman scattering intensities of different samples were normalized to their Raman scattering intensities of the Boson peak of the glass matrix and to the volume fraction v f determined by the ASAXS measurements. Figure  6 shows the dependence of the normalized Raman scattering cross section ͑open circles͒ on the mean particle radius for the lϭ0 mode. This dependence corresponds well with the solid line which was calculated using Eq. ͑15͒.
IV. CONCLUSIONS
Size and size distribution of CdS x Se 1Ϫx nanocrystallites embedded in a silicate glass matrix were investigated by ASAXS measurements. Mean radii between 2 and 7 nm were measured in the samples with different composition and heat treatment. Best fit results for the size distribution were obtained with asymmetric functions showing a slightly enhanced tail toward smaller particles, which is also theoretically predicted for nanoparticles formed as a result of a coa- FIG. 5 . Low frequency Raman scattering spectra of sample OG550, excited with ϭ850 nm: ͑a͒ unpolarized spectrum of the base glass before heat treatment, ͑b͒ depolarized spectrum of OG550, ͑c͒ polarized spectrum of OG550. The arrows show the spherically symmetric 01 and the quadrupolar symmetric 21 acoustic vibration and some overtones 02 , 03 , and 22 . The dashed curves were fitted using Eq. ͑15͒. lescence process during the heat treatment. The mean radii calculated from the ASAXS measurements agree well with those measured by low-frequency Raman scattering. For the larger particles, deviations of the radii determined by the two methods are smaller than 5%. Larger deviations for smaller particles could be due to the stronger confinement, restricted applicability of the continuum theory, and a nonlinear dispersion curve. The peak frequency and the halfwidth of the Raman bands depend on the particle size distribution as well as on the acoustic mode damping due to a particle-matrix effect. The observed halfwidths are smaller than the calculated ones assuming the perfect contact between particle and matrix. This could be an indication of incomplete elastic coupling at the interface. By contrast variation using four different x-ray energies, the ratio of molecular densities in the particles, and the surrounding matrix could be determined. Additionally, the particles volume fraction was obtained. FIG. 6 . Measured Raman scattering intensity ͑circles͒ of the acoustic mode 01 with index lϭ0 in dependence on the mean particle radius. The intensity was normalized to the Raman scattering intensity of the Boson peak of glass and to the volume fraction v f . The solid curve indicates the theoretical dependence on the mean particle radius and was calculated using Eq. ͑15͒.
